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ABSTRACT

An understanding of the evolutionary role of fire in
ecosystem development requires knowledge of life history
characteristics. Fire frequency plays an important role in
determining the specific reproductive modes possible for a
given environment. Since natural fires are randomly distri-
buted in space and time, often a more important focal point
than response to the modal fire frequency will be species’
resilience to the range in fire frequencies encountered.
Failure to appreciate species-specific differences in resil-
jence in managing natural ecosystems can spell extinction
for some species. A component of the fire regime partic-
ularly important to the evolution of reproductive strategies
is the pattern of burning, i.e., patchy vs. extensive. Often-
times a whole suite of characteristics will be associated
with one pattern or the other. 1In some instances, a suite
of characteristics may be common across all growth forms.
More often, different growth forms carry with them a unique
set of potentialities and limitations with respect to
resilience to fire.

KEYWORDS: 1life histories, r and K selection, resilience

INTRODUCTION
Emergent properties of ecosystems cannot be explained mechanistically without a
clear understanding of population level phenomena. Thus, understanding fire's role in

ecosystem development requires knowledge of the component species' life history
attributes.

Life Histories and Growth Forms

A generalized life history of a plant population resembles that in figure la. We
can distinguish an r-phase where the population is growing at or close to the maximum
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possible (close to intrinsic rate of increase r) and a K-phase where population growth
is zero (close to carrying capacity K). Not all populations have a senescence phase
and in fact we can distinguish extremes in this respect (compare curves 1 and 2, fig.
1b). Different enviromments produce conditions which tend to favor a No. 1 or No. 2
type life history. The important environmental parameter is disturbance; No. 1 life
history being favored in frequently disturbed environments, No. 2 in infrequently dis-
turbed environments. :

McArthur and Wilson (1967) described these respective environmental types as
imposing r-selection (No. 1) or K-selection (No. 2), though as pointed out by Gadgil
and Solbrig (1972) these are purely relative terms and no species is entirely r- or K-
selected. Pianka (1970) attempted to define life-history attributes of r-selected
vs. K-selected species. According to Pianka, the former should have rapid development,
small body size, early reproduction, and a high intrinsic rate of increase relative to
K-selected species. Although this has provided a useful framework for life-~history
studies, there is abundant evidence that one must be cognizant of the particular
ecology in order to predict attributes of organisms subjected to r- or K-selection
(Wilbur, Tinkle, and Collins 1974).

One generalization concerning plant responses would be that growth form could be
aligned along an r-K gradient with herbs at the r-end and trees at the K-end. While
herbs could be favored for reasons other than r-selection, e.g., high winds could
select for a low-growth habit, in the main this is probably a valid generalization.
Thus, the frequency of a disturbance, e.g., fire, can select for different life
histories and, as a consequence, different growth forms. It follows that the reproduc-
tive mode, i.e., those life cycle parameters which are immediately responsible for the
continuance of the population through time, should be greatly influenced by differing
fire frequencies.

Reproductive Cycles

It has recently been suggested (Harper 1977) that the term "reproduction' be
restructured in usage to mean production of a new individual from a single cell,
usually a zygote. Harper argues that what is termed 'vegetative reproduction" is
merely growth in a horizontal plane. However, the outcome of such "growth' may be
identical to (apomictic) seed '"reproduction,” and unlike growth in a vertical plane,
viz, production of new individuals distinct from the original plant. Janzen (1977)
has perhaps suggested one solution to this problem by arguing that apomictic seed
production be viewed as lateral growth. The purpose in making such a distinction
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histories representing extremes with respect to.population seneacance



is to emphasize the genetic identity of these offspring. The importance of such a
distinction, in terms of r- or K-selection, is at least questionable in light of recent
discoveries of abundant genetic diversity in many asexually reproducing populations.

In this discussion I will use reproduction in a more conventional sense and
perhaps more broadly as '"'to produce again' (first definition, Webster's Collegiate
Dictionary 1969). Thus, in the present discussion, the components of a reproductive
cycle are those adaptations directly responsible for population recovery following
destruction by fire. I will distinguish between '"reproduction” and "regeneration."

The former includes any lateral spread with the potential for producing '"new
individuals,"”" either seed or vegetative reproduction. Regeneration will refer to the
production of an individual in situ once it has been largely destroyed (e.g., resprouts
from the stem or underground parts), see table 1.

The particular reproductive strategy (where strategy is the predetermined genetic
component of the-life cycle, after Harper and Ogden 1970) will include, to differing
extents, both "reproduction”" and "regeneration.” It should be recognized that the
basic genotypic program, or strategy, may include a range of possible developmental
pathways dependent upon environmental conditions. h

TABLE 1.--Reproductive and regenerative options in the reproductive cycle of plants

Reproduction Regeneration
1/ From From

Seed™ Vegetative below-ground parts aboveground parts

Disperse "Runners' above Resprouts from Resprouts from
and below ground stem or roots epicormic buds

Remain in situ Layering

in the soil

Remain in situ Gradual spread by

on the plant repeated resprouting
from basal parts

1/

~' Sexual and asexual.
GROWTH FORM, REPRODUCTIVE MODE, AND FIRE REGIME

Particular growth forms and reproductive modes have evidently evolved in response
to fire in many parts of the world, thus a wide array of plant communities have been
labeled "fire adapted.'" 1In order to understand the evolution of these features we
must consider the influence of fire per se, but also the components of a fire regime.
Gill (1973) distinguishes three components: fire frequency, fire intensity, and
season. Fire frequency plays a dominant role in determining vegetation structure and
vegetation structure largely determines fire intensity.

In addition to being an important determinant of growth form, fire frequency may
play an important role in determining reproductive strategies. The objective here is
to evaluate the effect of fire frequency on reproductive strategies. The focus of
this paper will not be to document the effect of fire on reproductive strategies of
plants from all ecosystems; rather, selected systems will be emphasized. My approach
will be to compare major vegetation types in which a particular growth-form dominates,
viz, herbs, shrubs, trees, across the range of fire frequencies represented.
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Several difficulties will be evident throughout. One, we have very incomplete
knowledge of natural fire frequencies for most regions. As a consequence, the basis
for ranking communities by fire frequency will be rough estimates based in large part
on considerations discussed in the next section.

A second problem is that the preponderance of fire-ecology studies have been
community level and thus there is a dearth of information on the population biology of
most fire-type species. It is hoped that this report will illustrate the dynamics of
postfire recovery and how little community-level indices tell about these processes.

A third difficulty is that fire is a natural disturbance with effects similar
to other disturbances, e.g., frost, drought, blowdowns, ‘tornadoes, heavy snowpacks,
animal grazing, etc. Thus an underground stem may allow a woody plant to recover
after a tornado or a fire. Likewise, thick bark may act as a barrier to dessication
as well as fire damage. To evaluate the evolutionary effect of fire frequency on
reproductive strategies, one must separate the selective influence of other environ-
mental parameters. This, however, is not always possible.

Finally, one must distinguish between fire regimes which have a selective effect
on plants, and those that do not. Harper (1977) distinguishes disasters from catas-
trophes; the latter being disturbances that do not occur frequently enough to be of
any selective influence on the life cycle, e.g., to make a case that fire has played
an evolutionary role in the Hawaiian flora, one must do more than demonstrate that
wildfires can occur on occasion (cf. Vogl 1970).

Fire Frequency

Simplistically, fire frequency is determined by the frequency of ignitions
concomitant with a "low" moisture content of the vegetation. A 'natural' fire fre-
quency is determined by the frequency of lightning and degree of aridity in a given
environment. Since both of these parameters vary seasonally, the degree to which they
coincide is important. Given "adequate" burning conditions, '"matural" fire frequency
should be a monotonic function of lightning frequency. On the other hand, fire frequency
increases with aridity only to the point where increasing aridity results in insuf—
ficient biomass to carry a fire.

At present man plays a dominant role in determining fire frequency. On one hand
he provides ignition for many wildfires (frequently during the driest season); on the
other hand he puts out many 'natural"” as well as manmade wildfires. Whether the net
effect is to increase or decrease the '"natural" fire frequency is debatable and
probably varies with the ecosystem,

Before proceeding, a word about the distinction between "natural" and "manmade"
fire frequency is in order. "Natural” must be considered in context. To a sociol-
ogist, a natural fire frequency source may include modern man. To the U.S. Park
Service (largely committed to the preservation of resources as they were at the time
they came under its jurisdiction) natural fire frequency sources include aboriginal
but not modern man. In the present discussion, "natural" is being used in an evolu-
tionary context, i.e., the environment which has selected for reproductive strategies.
It is assumed that relatively recent changes in fire frequency, e.g., due to aboriginal
burning in North America, have tended to affect species distributions more than species
adaptations. Potentially, this is less true in the 014 World (with longer human
influence) and where adaptations are under simple genetic control, e.g., serotiny in
jack pine (Teich 1970).

Fire frequency has been defined in various ways. I suggest that the mean (arith-
metic average) is not as relevant as the modal (most common) fire-free interval.
Certainly, in many environments the variance and range is of more selective importance
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than any measure of central tendency. Thus a species' resilience (i.e., ability to
recover) to minimum and maximum fire-free intervals may be critical to its survival.

HERBACEOUS VEGETATION TYPES

The major herbaceous vegetation types representing a spectrum of fire frequencies
are listed in table 2. Indicated also is a rough estimate of the modal fire frequency
for each, based on interpretation of the available literature and evaluation of the
fire climat- and lightning frequency. Additionally, a suggested value for the minimum
and maximum interval to which they could adjust (i.e., a measure of their resilience)
is included.

TABLE 2.--Principal herbaceous vegetation types, with an estimate of their
natural fire frequency and a rough estimate of the minimum and
maximum fire~free interval to which they are resilient

Minimum- Maximum
Vegetation Modal fire fire-free fire-free
type frequency interval interval
—————————— Years — = = = = = = = = -« -
Perennial grassland 5 - 25 0 10 - 50 (?)
Annual grassland 5 - 25 0 100 M
Fire floras 20 - 50 10 100 (2007)
Miscellaneous fire-
tolerant species ? 1-2 ?
Marshes 30 - 100 5 o

Wet meadow and tundra 50 - 100 5 o

Perennial Grasslands

Perennial grassland describes a number of plant communities in both temperate and
tropical regions of the world. As the name implies, these areas are dominated by
perennial grasses, though usually in association with a variety of annual grasses and
herbaceous dicot species. In North America, there is an array of grassland associations
(Kucera, this volume) and one can distinguish similar patterns in tropical regions
(Phillips 1965). Grasslands generally have an annual period of drought coinciding
wvith lightning storms, and occur on broad level plains or rolling hills that lend
themselves well to the spread of surface fires (Daubenmire 1968, Vogl 1974). Fire
plays a major role in the maintenance of many grasslands. A striking example of this
is the experimental plots set up by P. V. Wells (University of Kansas) in eastern
Kansas. Areas burned annually are vigorous grasslands whereas adjacent land unburnt
for 15 years is largely second-growth hardwoods (personal observation, see also Bragg and
Hilbert 1976). 1In light of this, it is not surprising that many tall grass prairie
species play a dominant role in secondary succession in the East (Swan 1970). However,
not all grasslands are fire dependent. Those on deep soils in regions subjected to
occasional severe drought are generally not invaded by woody plants, even in the
absence of fire (Weaver and Albertson 1956).
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The dominant grassland species in both temperate and tropical regions are
hemicryptophytes; the aboveground portion dies back at least once a year (Vogl 1974,
West 1971). In most species the culms are tufted or caespitose with short rhizomes.
Dormant buds occur at or just below ground level and commonly are protected by closely
packed persistent dead leaves and leaf sheaths (Daubenmire 1968). Root systems are
extensive and deep, commonly reaching depths of 2 meters (Weaver 1958). All these
characteristics contribute to the ability of temperate and tropical grassland species
to withstand intense grazing, frosts, and annual dry periods as well as severe periodic
droughts (Albertson and others 1957, Weaver and Albertson 1956). Longevity of grass
species varies widely; even among species of similar growth form, e.g., some tussock-
forming grasses are reported to reach a maximum age of 10 years (Canfield 1957)
whereas other species are thought to survive over 100 years (Crampton 1974).

The seed of some species is widely dispersed. The relatively small caryopsis,
large awn, and persistent pappus-like hairs in some species (e.g., Andropogon) contribute
to their ability to invade recently burned areas. Other species (e.g., Sporobolus),
with different caryopsis characteristics, are seldom invasive into recent burns
(Hodgkins 1958). Seed storage in the soil by perennial grass species is generally
low to nonexistent (Lippert and Hopkins 1950, Major and Pyott 1966). This probably
stems from a lack of soil carryover from year to year as well as erratic annual seed
production. Apparently seedling establishment is an uncommon event (Hanson 1950).

Vegetative reproduction in perennial grasses is generally limited to production
of small clumps or tussocks. This can, over long periods of time, lead to the
formation of widely separated tussocks (Harberd 1967). Vigorous vegetative reproduction,
through either stolons or rhizomes, is generally lacking. Under a frequent fire regime,
such structures may be a liability since their proximity to the soil surface would mean
greater losses to the plant (McLean 1969). There are, however, a variety of cost-
benefit arguments for the presence or absence of stolons and runners.

Regeneration from basal buds following destruction of aboveground parts is well
developed in most perennial grassland species. Commonly accompanying regeneration is
an increase in seed production (Hadley and Kieckheger 1963, West 1971, Vogl 1974).

This probably results in seed production at a time of enhanced seedbed conditions.
Undoubtedly, such a scenario would be affected by the season of the fire, particularly
in temperate grasslands composed of mixtures of late-spring flowering C, grasses and
late-summer flowering C, grasses. In North America lightning fires are concentrated
between spring and summer (Komarek 1967, Barden and Woods 1973) with burning conditions
beginning in the spring in the more southerly localities and later, northward. Cool
season C, plants in southerly locations may have a higher probability of flowering as
well as geing in a more vulnerable phenological state at time of burning than late-
flowering species. Warm season C, plants in southerly localities would be most
resistant to spring fires since géowth would be beginning, and afterwards they would

be safe from fire for at least a year. Northward, fires would be later in the

summer, after C, grasses had dispersed their seeds and at the time of C, grass flowering.
There is some eVidence to support this (Daubenmire 1968, Zedler and Loucks 1969, Rice
and Parenti 1978).

Several factors affect the extent of postfire regeneration. Under annual
burning, annual grasses and herbs commonly increase at the expense of perennial
grasses (Pickford 1932, Kennan 1971, Smith and Owensby 1972). This is most marked
under a natural regime of summer fires (Bragg 1978) since the perennial rootstocks
suffer greater destruction (Garren 1943, Daubenmire 1968). Increased numbers of
annuals also occur after severe drought (Weaver and Albertson 1956) and in both
cases are probably related to increased open space for seedling establishment. In the
absence of disturbance such species often are restricted to refugia created by extreme
edaphic conditions.
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Herbaceous dicot species common to grassland communities represent a variety of
families and life histories, although mainly geophytes and hemicryptophytes. Seed
production is annually more consistent among these broad-leaved herbs than in perennial
grasses. Seed dispersal is via wind or animals. There is apparently little seed
. carryover from year to year except during prolonged droughts (Weaver and Albertson
1956). A few legume species, from frequently burned areas in the southeastern U.S.
have seeds which demonstrate enhanced germination when exposed briefly to high tempera-
tures (80 - 90° C), though there is considerable germination without any heat treatment
(Martin and others 1975). Some species spread both by seed and stolons or rhizomes,
proportions varying with fire frequency. For example, wild strawberry (Fragaria sp.)
invades recently disturbed sites via seeds, and once established spreads locally by
stolons as well as producing seeds for more distal establishment. As the community
becomes crowded, and probability of fire increases, stolons (which survive fires very
poorly, McLean 1969) are produced less frequently (Holler and Abrahamson 1977).

Many herbaceous dicots can survive fires wvia underground parts which regenerate.

The extent to which an individual can survive fire is closely tied to the depth of
underground parts and thus one finds inter- and intraspecific wvariability in regenera-
tion. A good example of prairie forbs capable of regemerating after fire is species
of Liatris found throughout the midwestern and eastern protions of the U.S. Some can
live perhaps 40 years (Levin 1973), and it is the older individuals with larger,
deeper corms which are the most resistant to fire. Schall (1978) examined the age-
structure of a population of L. acidola 2 years after fire in a mature prairie of
southeast Texas. Her results (fig. 2A) suggest that many of the plants 1 to 3 years of
age at the time of fire were killed, and following fire there was a flush of new
seedlings. Thus, the population cost of fire for L. acidola i1s a loss of juveniles but
the benefit is a surge of new seedlings. Benefits may outweigh costs in the life
history of Liatris since Kerster (1968) has found that older midwestern populations of

aspera, in the absence of disturbance, stop recruiting new individuals into the
populatlon (fig. 2B) Periodic fires may rejuvenate older populations. It is apparent
from figure 2A that too frequent fires would be deterimental to Liatris populations as
is true for other perennial forbs (Pickford 1932).

NS S NN N S S S
NSNS N M N NN N

fire* 5 10 15 20

Age (yrs)5

Figure 2.--(A) Age structure of a Liatris acidola population of 2 years
after fire (redrawn from Schall 1978). (B) Age-structure of Liatris
aspera population in the absence of disturbance (redrawn from Kerster
1968). Werner (1978) has demonstrated that there is a great deal of
error associated with assigning ages in Liatris, though Levin and
Kerster (1978) claim the ages are certain for plants under 5 years.
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Annual Grassland

Extensive annual grasslands are found mainly in Mediterranean climatic regions
and are the result of disturbance (too frequent fires, severe drought, intensive
grazing; any one or all). In California they occupy extensive portions of the Central
Valley and Coast Ranges, having developed during the last 150 years from nonnative
annual grasses and forbs. Clements (1920) proposed that the annual grassland replaced
a pristine bunchgrass community after intensive grazing, coupled with drod:ht. This
view was based on the presence of small isolated populations of native bunchgrass
assumed to be "relicts" and is considered by some to be true 'beyond all doubt" (Heady
1977). However, Cooper (1922) argued that woody vegetation is climax in coastal
valleys of California but has been replaced by grasslands due to repeated fires by
man. Naveh (1967) invokes a similar scenario to explain the origin of annual grasslands
in Israel (the origin of California's annual grass species). This theory is based on
assumed "relicts" of chaparral within grasslands as well as historical documentation
of chaparral replacement by grassland. In all likelihood, annual grasslands were
derived both from perennial grasslands, particularly on deep clay soils, and (exten-
sively) from woody vegetation on shallow rocky soils (Wells 1962). Increased fire
frequency due to human exploitation 1is thought by Wells (1962) to be a major factor in
their origin in the Coast Ranges of California.

Present fire frequency in annual grassland probably varies from annual fires to 50
or more years between fires. Despite the likelihood that annual grasslands in many
situations owe their origin to frequent fires, there is little evidence that annual
grasslands require frequent fire for maintenance. Perennial bunchgrasses invade
annual grasslands very slowly (White 1966b), and the low vagility of chaparral seeds
makes invasion of grassland by chaparral a threat only along narrow ecotones between
the two vegetations (Schultz and others 1955, Biswell and Street 1948). Coastal sage
species on the other hand have well-developed colonizing ability (Wells 1962) and when
juxtaposed with grassland they can replace it in less than 15 years without fire
(Westman 1976). Considering the broad expanse of many of these grasslands (and thus
lack of an invading seed source) they are probably stable for long periods without
fire. White (1966a) describes an oak-grassland area in the coast ranges which has
remained stable more than 25 years without fire.

The dominant plants are annual grasses and forbs; most are natives of the Mediter-
ranean region. Seed germination occurs late in fall following the first rains, with
much of the growth occurring in winter and early spring. TFlowering and fruiting are
completed by early summer. Like other annual '"weeds'" these species are quite plastic
in growth and phenology; in wet years they reach much greater sizes with larger seed
production.. Most species are highly r-selected for rapid germination and growth rates,
small stature, and a large proportion of energy allocated to reproduction. Addi-
tionally, most possess typical colonizer attributes (viz, large numbers of small,
widely dispersed seeds) and thus are ruderals in other than Mediterranean-climatic
regions.

All species can tolerate frequent fires, largely because of sizable seed pools
in the soil (Major and Pyott 1966), efficient means of burying seeds, e.g., hygroscopic
awns (Naveh 1974), and the comparatively low termperatures of grass fires, which
result in high seed survival (Daubenmire 1968). Annual grass species, however, are not
well suited to annual fires., Smith (1970) found a 70 to 80 percent reduction in grass
density the first year after fire and found that it took 3 years to reach prefire
levels. In general, annual fires tend to favor forbs over grasses (Hervey 1949, Smith
1970). In some cases this may derive from slightly later flowering and fruiting by
the grasses, which translates into a greater chance of seeds being attached to culms
at the time of the fire, where temperatures are higher than at ground level (Daubenmire
1968). Also, the rosette growth form of the dominant forbs may enforce a greater
spacing of individuals and thus lower burning temperatures in the seed-rain shadow.
Additionally, since grasses are favored by a different set of growing conditions (Pitt
and Heady 1978), fire may change the following season's growing conditions to favor forbs.



) Fire Floras

In some Mediterranean-climate regions of the world there are herb floras which
have a life cycle closely linked to fire. Mainly the herbs exist only as dormant
seeds in the mature scrub which is "climax" for the entire region. Except in isolated
openings, no seeds germinate until fire removes the shrub cover, at which time there
is a proliferation of many herbaceous monocot and dicot species. Among the Mediter-
ranean areas of the world there are regional differences, e.g., in California the
postfire herb flora is predominantly annuals, whereas in South Africa it is mostly
geophytes, and in Chile there is no such flora (Keeley and Johnson 1977). Of the
Mediterranean fire floras, California's is best understood, thus I will focus on this
region.

Germination of the postfire herbs begins after the first winter rains following
a chaparral fire. Flowering begins in early spring and fruitification is completed by
late spring. The majori;y of species are annual dicots and will not be present the
second year after fire.~/ In order to germinate, the seeds require seed coat scarifica-
tion, which comes in the next fire, presumably as intense_heat, although this has not
been convincingly demonstrated for many "fire-type" annuals (cf. Sampson 1944, Went
and others 1952, Sweeny 1956, Christensen and Muller 1975) and other mechanisms have
been proposed (Wicklow 1977).

The seeds appear to be quite long-lived, as evidenced by the proliferation of
"fire-type" annuals after fires in very old (ca. 90-year) cparral (personal observation).
Undoubtedly, seed viability does decline in stands unburned for long periods of time;
however, there is no information on the maximum fire-free interval they can withstand.
On the other hand, the fire flora is sensitive to too frequent fires. Chaparral
stands burned at several-year intervals are readily converted to annual grassland with
elimination of native fire annual species. This is probably because the annual fire
flora species do not compete well against aggressive annual grass species (Corbett
and Green 1965). This is not surprising in light of the observation that the density
of the fire-type annual vegetation is at least an order of magnitude less than the
density of annual grasslands (cf. Sampson 1944, Horton and Kraebel 1955, Heady 1958,
Smith 1970).

Miscellaneous Fire-Tolerant Species

There are a number of herbaceous species not easily classified into any single
community but which proliferate after fire. Epilobium angustifolium is a common fire
follower in a variety of habitats throughout the higher latitudes of the Northern
Hemisphere. It is‘a perennial which produces an abundance of small, widely dispersed
comose seeds that quickly invade clearings caused by fire or other disturbances. Once
established, an individual can spread over an area through vigorous rhizome production.
It is eventually crowded out by later successional species and thus is dependent upon
dispersing to new disturbances (Ahlgren 1960). Little information is available on the
effect of fires on established populations. The proximity of rhizomes to the soil
surface suggests they would not survive severe fire very well (McLean 1969). Although
seeds have been found in mature forest soil (Karpov 1960 cited in Major and Pyott
1966) it is not known whether they survive fire. The architecture of the diaspore
indicates they are primarily adapted to colonizing after fire or other disturbances
and Salisbury (1942) states that they only establish on open sites.

Another fire-following species is Pteridium aqualinium. It resembles Epilobium
in that it is a widespread species producing a proliferation of dissemenules which
invade recently burned sites, then spread vegetatively (Salisbury 1942, Oinonen 1967
cited in Harper 1977). Repeated fires, however, are less damaging to Pteridium because

l/Keeley, S. C., J. E. Keeley, S. Hutchinson, and A. W. Johnson. Post fire

succession of the herbaceous flora in the southern California chaparral. Unpublished ms.
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the rhizomes are deep enough to survive high temperatures (Flinn and Wien 1977).
Several other species have a similar life cycle, e.g., Equisetum sylvaticum in Canada
(Beasleigh and Yarranton 1974), Pteridium caudatum in Venezuela, and Gleichenia spp.
in New Guinea (Gillison 1969).

Marshes

As used here, marshes refers to herbaceous communities in standing water much of
the year. The chance of fire in any given year is low due to the moisture conditions
of the vegetation. Periodically, however, severe droughts will cause a drastic drop in
water table and produce conditions suitable for burning. Thus, in large part, fire
frequency depends on local water table patterns.

The marsh dominants are pérennial grasslike species from a variety of monocot
families (e.g., Cyperaceae, Poaceae, Typhaceae, Juncaceae, etc.). Dependent upon the
latitude, tillers emerge between spring and early summer. Not all tillers flower in a
given year; e.g., Carex lacustris and C. rostrata produce tillers which commonly
overwinter and flower in their second year then die (Bernard 1976). Most seeds are
buoyant and dispersed to some extent by water. In fact, the marsh grass Paspalum has
boat-shaped spikelets well adapted for water transport (Crampton 1974). If the study
by van der Valk and Davis (1978) is typical, the soil seed pool of freshwater marshes
is of considerable size. Seed of emergent species remain dormant until water levels
drop and the seeds are exposed. This is also when fires are most likely to occur;
thus frequent fires would not be conducive to reproduction.

Characteristic of most marsh species is a well-developed capacity for vigorous
vegetative reproduction. Such stolons or "creeping" or "branching" rhizomes commonly
reach several meters and more. Regeneration after fire is highly sensitive to fire
temperatures. Garren (1943) states that marsh species ‘are killed by dry-season fires
because roots near the soil surface are destroyed.

In general it would seem that most marsh species are sensitive to fire due to its
coincidence with seedling establishment and the high probability of destruction of
below-ground regenerative parts. Nonetheless, marshes throughout the southeastern
United States (and other regions of the world) are subject to severe droughts coinciding
with lightning ignitions approximately every 30 to 100 years. The outcome of these
periodic fires is on one hand to reduce encroaching woody vegetation but on the other
hand to destroy marsh vegetation and replace it with submerged aquatics (Cypert 1972).

Wet Meadows and Tundra

This group includes a heterogeneous collection of plant associations, with the
major distinction being that they occupy sites which are moist most of the year.
Certain '"meadows" occupying drier-sites, particularly at lower elevations or latitudes,
are structurally similar to what has been discussed as ''grasslands."” There is also a
certain amount of overlap between meadow vegetation and the herbaceous component of
adjacent woodlands. Meadows and tundra are extensively developed at high elevations
and latitudes. The more or less perennially wet character of the vegetation makes
fires of infrequent occurrence and questionable selective importance.

The vast majority of species are perennial; commonly grasses and sedges. The
conspicuous absence of annuals may be related to the "closed" nature of the vegetation,
i.e., lacking openings for seedling establishment. Many species reproduce sexually
infrequently (Salisbury 1942), and this is reflected in small seed pools in the soil
(Major and Pyott 1966) and rarity of seedlings (Callaghan and Collins 1976, Callaghan
1976), even after occasional fires (Wein and Bliss 1973). Most species are vigorous
vegetative reproducers, either through creeping or branching rhizomes, stolons, or
layering. These species can regenerate after the tops are removed, though fires (except
when the soil is quite moist) would be damaging since roots and other regenerative
parts occur near the surface.
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The heavy dependence on vegetative rather than seed reproduction may result from
several factors. Salisbury (1942) suggests that lower temperatures at high elevations
or latitudes, or lower light levels in woodlands, are not conducive to seed production
which is physiologically more demanding. Alternatively, extreme conditions could make
vegetative reproduction a safer gamble due to the much greater food reserves available;
theoretically, seeds could evolve large reserves, though this may be too risky an
investment in an environment where seed crop failures are common and unpredictable.
Vegetative reproduction also has greater flexibility in initiating and arresting
itself, unlike a germinating seed which is committed to a certain increment of growth
before arresting development; a potentially important factor in an unpredictably
"extreme" environment. Finally, moist conditions and lack of frequent disturbance,
leading to a "closed" community with few openings, is a poor environment for seedling
establishment, particularly ones with minimal food reserves (Thomas and Dale 1975).

Summary: Herbaceous Vegetation Types

The dominant strategy for surviving in a frequently burned perennial-type grassland
is that of a long-lived perennial which, through its capacity to resprout from below-
ground parts, appropriates space and holds it for extended periods. Certainly fire is
only one aspect of the grassland environment which has selected for this strategy.

The intensive selective pressure of droughts is suggested by the extensively developed
root systems of most grassland specles (occasionally reaching depths of 4 m or more,
Weaver 1958). Perhaps to insure some colonizing ability (e.g., into areas subjected
to severe drought, intensive grazing, badger building, tornadoes, or fire) seeds of
the perennial grassland species are light; consequently they require "openings" in
which to become established. In grasslands unburned for extended periods of time,
openings may be rare and consequently seedling establishment is also rare. Under long
fire-free periods, populations of some species may go extinct although most species
are resilient to periods of low fire frequency as well as periods of high fire frequency.
The extent to which perennial grasslands are dependent upon frequent fire is related
to proximity and invasiveness of woody vegetation.

Mediterranean-climate annual grasslands represent one of the most fire-resilient
herb communities; existing under frequent as well as infrequent fires. These annual
species demonstrate few specific adaptations to fire per se. They have r-selected
attributes and are species adapted to rapid colonization. Although most r-selected
species require frequent disturbance to remove invading and more competitive K-selected
species, such 1s not the case for these annual grassland species. Once the original
vegetation has been removed, reinvasion is imperceptibly slow and thus r-selected
species remain dominant with or without additional disturbance.

The fire-type annual floras of certain Mediterranean regions exhibit the greatest
degree of adaptation (specifically) to fire. These species are specialized r-strategists
with rapid establishment from stored seed "only" in response to fire; however, they
are not good colonizers, perhaps because disturbances are generally widespread. They
are not resilient to very frequent fires (return of the shrub cover is required to
shade out other more aggressive herb species) but can withstand fire-free periods as
long as a century. Thus, fire-type annuals illustrate that specialized adaptations to
fire do not necessarily imply adaptation to frequent fires.

Epilobium and Pteridium illustrate strategies adapted to periodic intense fires
which do not destroy the parent population but open up nearby areas. Abundant light,
wind-dispersed disseminules are well adapted to broadcast colonization of denuded
sites, even at some distance from the parent population. It should be recognized,
however, that these species are not dependent on fire since they commonly colonize sites
opened up by other types of disturbance.
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Species common to most marshes, meadows, and tundras appear to be poorly adapted
to fire and not resilient to frequent fires, They differ from more fire~adapted com-
munities in that reproduction is predominantly from stolons and shallow rhizomes,
structures easily destroyed by fire. Although these three communities can recover from
fire, its effect is probably more that of a catastrophe (sensu Harper 1977) in that the
selective consequence is to decrease '"short-term fitness."”

SHRUB VEGETATION TYPES

The major shrub vegetation types to be considered represent adaptive responses
across a spectrum of fire frequencies (table 3).

Mediterranean-Climate Evergreen Scrub

The five regions of the world characterized by a cool-winter-rain, hot-summer-
drought climate are dominated by a vegetation of closely spaced evergreen shrubs with
heavily sclerified leaves. In most of these regions summer droughts are occasionally
interrupted by thunderstorm activity resulting in lightning fires carried far by the
dense continuous brush cover. Although the five Mediterranean regions are broadly
similar there are significant differences. I will focus in detail on the California
chaparral since the life histories of these shrubs (coupled with associated trees, see
later section) illustrate that species in a fire-type community represent a variety. of
optima and resiliences to varying fire frequencies.

TABLE 3.--Principal shrub vegetation types, estimated natural fire frequency, and a
rough estimate of the minimum and maximum fire-free interval to which they
are resilient

Resilience
Minimum Maximum
Modal fire fire-free fire-free
Vegetation type frequency interval interval
——————————— Years - - - - - - - - - - -
Mediterranean-climate
evergreen scrub 20 - 50 10 100-200 (?)
Mediterranean-climate
deciduous scrub 30 ~-100 10 100(1507?)
Humid evergreen scrub 20 - 30 2 -5 200 (7)
Arid (desert scrub) 50 <100 10 - 20 &)
Temperate forest
successional shrubs:
Western forest shrubs 20 -100 5 300-400 (?7)
Eastern forest shrubs 100 ~500 5 o
Scrub steppe 100 -300 30 0
Tropical rain forest
understory shrubs ® o0 0
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California chaparral consists of shrubs 1.5 to 3 m tall almost always occurring in
stands with an (aboveground) even-age structure (excepting one anomalous shrub, Yucca
whipplei). These stands are distributed in a mosaic determined by burning patterns.
Presently nearly all of the acreage burned in southern California results from manmade
fires (Keeley 1977b). As a consequence fire frequencies vary with proximity to
habitations; e.g., fires occur every 2 to 5 years in some heavily used foothills of the
San Gabriel Mountains overlooking Los Angeles whereas large portions of the little-used
Santa Ana Mountains have never had a recorded fire (USDA For. Serv., unpublished data).
The commonly accepted modal frequency of natural fires is 20 to 30 years. Undoubtedly
in prehominid times this varied widely dependent upon elevation and proximity to the
coast (Keeley 1977b, Byrne and others 1977).

Chaparral shrubs represent a variety of plant families and life histories. Some
species, e.g., Heteromeles arbutifolia, Cercocarpus betuloides, Rhus laurina, and Rhus
ovata, are capable of great longevity (100-200 years?) becoming small trees in isolated
localities. Others, in particular Ceanothus species, are traditionally considered
short-lived (40-60 years), although their longevity is closely tied to stand structure.
As shown by Schlesinger and Gill (1978), as the canopy closes in "pure" stands of
Ceanothus megacarpus, there is a sudden die-off (fig. 3) presumably due to rapidly
increasing competition for light. In older mixed stands, mortality of Ceanothus
greggii is apparently constant (Keeley and Zedler 1978) and probably reflects gradually
increasing competition for light and soil moisture in this shade~sengitive shallow-
rooted species. Thus, if these '"short-lived" species escape close competition they
can be quite long lived (Keeley 1975, Schlesinger and Gill 1978).

Seed production fluctuates widely from year to year dépendent in large part on
precipitation patterns. Some species initiate flower buds the year prior to flowering,
whereas others do not; thus, seed production is not usually synchromnous across species
(Keeley 1977a). There is little indication that seed production declines with age, and
in one study (Arctostaphylos glauca) seed production was much greater in 90-year-old
shrubs than 20-year-old ones (Keeley and Keeley 1977; a similar pattern was found for
Adenostoma fasciculatum, Keeley and Keeley unpublished data). Seed dispersal modes
vary widely, e.g., the chaparral shrub, Adenostoma fasciculatum produces an abundance
of light seeds; however, they are not highly specialized for (and chaparral is not
conducive to) wind dispersal and probably are not dispersed widely. Ceanothus and
Arctostaphylos species are important chaparral constituents with, for the most part,
localized seed dispersal. Quercus dumosa is a common chaparral shrub characterized by
erratic production of large acorns potentially widely dispersed but heavily preyed
upon. A number of quantitatively minor species, e.g., Heteromeles arbutifolia and
Rhamnus crocea, have fleshy fruits which are probably widely dispersed by birds.
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Seed storage in the soil is variable. The most common species, Adenostoma,
Ceanothus, and Arctostaphylos, have a seed-coat scarification requirement usually met
by intense heat during fire (Stone and Juhren 1953, Quick 1935, Hadley 1961, Berg
1974). Other species such as Quercus dumosa, Rhamnus crocea, Heteromeles arbutifolia,
and Prunus illicifolia have no such scarification requirement and will germinate readily
(Mirov and Kraebel 1937, Keeley unpublished data). Consequently, seedlings of these
species occasionally establish in mature chaparral; Patric and Hanes (1964) recorded
several hundred per hectare in very old chaparral. It is doubtful whether these
contribute to the mature canopy since they are usually stunted (Patric and Hanes 1964)
and many eventually die, in part, from overgrazing by small mammals (Keeley 1973,
Horton and Wright '1945). Thus these shrub seedlings seldom establish under mature
chaparral or in openings created by dead shrubs (Hanes 1977). Following fire, there
is an abundance of seedlings of Adenostoma fasciculatum and certain species of Ceanothus
and Arctostaphylos, all from soil-stored seed, germinating in the first postfire
year. Postfire seedling establishment of other species is sporadic and often insig-
nificant numerically (Zedler 1977a).

The capacity to resprout from basal parts after fire is widespread in chaparral
shrubs, being found in all species except the majority of Ceanothus and Arctostaphylos
species. The species which can resprout after fire vary in the proportion of the
population which actually survives to do so. Thus, postfire regeneration is either
by seedlings from soil-stored seed or resprouts from basal vegetative parts or both.
The dependence upon seedlings or resprouts varies from species to species. We can
picture this schematically in figure 4 where a point along the abscissa, corresponding
to a particular proportion of seedlings vs. proportion of resprouts, describes the
reproductive tactic. However, this position will vary spatially (from population to
population) and temporally (from one fire to the next); thus a species is best char-
acterized by a reproductive strategy which occupies a region along the abscissa. For
example, Quercus dumosa is a vigorous resprouter but seldom establishes seedlings,
thus its reproductive strategy is represented by region "a'" along the abscissa. The
ubiquitous Adenostoma fasciculatum is temporally and spatially quite variable in post-
fire resprouting and thus might be described by region "c." There is one significant
exception to this pattern; the majority of Ceanothus and Arctostaphylos species do not
occupy a region along the abscissa but rather a single point (see the arrow, fig. 4).
These species are totally incapable of resprouting under any condition and thus are
entirely dependent upon seedling production for postfire regeneration.
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A summary of these characteristics is given in table 4. From this we can dis-
tinguish two modes. One group, consisting of the most abundant chaparral shrubs
(Adenostoma, Ceanothus, and Arctostaphylos), is best developed on the more xeric sites
and is shade intolerant. They produce more or less locally dispersed seeds which are
stored in the soil until stimulated by fire to germinate. Some resprout, but others
do not. The other group consisting of shrubs such as Quercus dumosa, Heteromeles
arbutifolia, Rhamnus crocea, and Prunus illicifolia are best developed on the more
mesic slopes. They are mostly long-lived, shade-tolerant species capable of outliving,
overtopping, and shading out most of the group 1 species. They produce widely dispersed
seeds which do not require fire for germination. They occasionally establish seedlings
in mature chaparral, but seldom contribute seedlings to the postfire flora. All are
vigorous resprouters.

TWO REPRODUCTIVE STRATEGIES

How can we account for these two different reproductive strategies? In light of
modal fire frequency of. every 20 to 30 years, the group 1 strategy is easily rationalized:
Produce seeds cued to germinate only after the next fire, since (1) seedlings would be
unlikely to establish in the shade of existing shrubs, (2) seedlings are likely to be
eaten by herbivores, (3) another fire is likely to occur before the mature shrubs die
out, (4) because of their smaller size, these later-establishing seedlings or "saplings”
would stand little chance of survivng a fire in order to resprout, and (5) the more
intense fires on the more xeric sites translate into fewer resprouts and more openings
for postfire seedling establishment. Also, since these fires will be quite wide-
spread, little benefit would be derived from dispersing seeds far and wide.

The group 2 strategy is difficult to rationalize in light of frequent fires. Seed
production seems to contribute little to the future population; rather, these species
depend upon resprouting to maintain population levels. One could argue that perhaps
these species are relicts representing an evolutio